Abstract: This paper reviews some advanced gasoline engine combustion modes, including direct injection spark ignition (DISI), homogeneous charge compression ignition (HCCI), stratified charge compression ignition (SCCI), and multiple premixed compression ignition (MPCI). To reveal the engine knock mechanism of DISI combustion, the flame propagation and pressure oscillation in a boosted gasoline engine were numerically analysed. To further improve thermal efficiency and reduce emissions, the effects of injection strategies on fuel economy, emissions, and heat release in HCCI combustion were studied. To solve the challenges of ignition control and rapid combustion of HCCI, SCCI and MPCI combustion modes were adopted to achieve high efficiency, low emissions, and low acoustic noise simultaneously.
Introduction
In the past decade, several advanced combustion concepts have been proposed for gasoline engine to achieve high efficiency and low emissions, such as direct injection spark ignition (DISI), homogeneous charge compression ignition (HCCI), stratified charge compression ignition (SCCI), partially premixed compression ignition (PPCI) and multiple premixed compression ignition (MPCI) .
DISI is a promising technology to increase gasoline engine efficiency. Compared with traditional port fuel injection (PFI) engines, the pumping losses can be significantly reduced at part load operation conditions. At high load operation conditions, the knock is partially suppressed due to the cooling effect of fuel evaporation in the combustion chamber and the compression ratio can be increased by 1~2. Consequently, the fuel efficiency can be improved about 10%~20% (Schwarz et al., 2006; Katashiba et al., 2006; Sadakane et al., 2005) . However, to meet the stringent emission regulations with low after-treatment system cost, TWC should be used which require stoichiometric combustion. Therefore, most existing DISI engines operate at stoichiometric conditions. Due to the knock limit at high load, the compression ratio and A/F ratio of DISI engines are still much lower than that of the diesel engines, which is a main obstacle to further improve DISI engine efficiency. Moreover, throttle is used to control the intake charge quantity at part load, which leads to high pumping loss.
HCCI is the most promising combustion mode to improve fuel economy at part load while achieving low pollutant emissions. Gasoline HCCI overcomes the tradeoff between A/F ratio and emission allowing un-throttled, high compression ratio operation. By combining high A/F ratio and high compression ratio, numerous studies have demonstrated that HCCI can achieve high thermal efficiency and low NOx and soot emissions simultaneously at part load (Li et al., 2001; Yamaoka et al., 2005; Cairns and Blaxill, 2005; Santoso et al., 2005; Dec and Yang, 2010; Kalaskar et al., 2014) . Recent researches have shown that HCCI combustion can be controlled by multiple direct injections with combustion feedback by ion current sensor (Ogata, 2014) and knock sensor signal (Li et al., 2014) . HC and CO emissions can be after-treated using traditional TWC. However, the precise combustion phasing control at different engine speed and load, especially during the engine transient, is one of the major challenges because HCCI combustion is very sensitive to intake temperature, pressure, fuel components, and operation conditions. Expanding HCCI to high load is another major challenge for HCCI practical application due to high pressure rise rate and combustion noise at high load.
SCCI combustion may solve the above HCCI problems (Wang et al., 2004) . The stratified charge was compressed to ignition with sequential combustion to slow down the rapid heat release. The smoothed heat release by SCCI can be utilised to extend engine load with acceptable combustion noise (Sjöberg and Dec, 2006; Lee et al., 2007; Dahl et al., 2009; Dahl and Denbratt, 2012) . Meanwhile, SCCI ignition timing can be controlled by fuel stratification using gasoline direct injection in practical engines. In SCCI combustion, there is no flame propagation due to lean/diluted mixture auto-ignition; NOx formation is suppressed due to the low local combustion temperature. Since there is no droplet evaporation and diffusion combustion during SCCI combustion, soot emission is very low.
PPCI is another advanced combustion concept between SCCI and diffusion combustion (Kalghatgi et al., 2006; Manente et al., 2009 ). For PPCI, fuel injection ends before combustion starts, which forms partially mixed but not homogeneous fuel/air mixture before the start of combustion (SOC). Similar to HCCI, PPCI can achieve high efficiency while reducing soot and NOx emissions. The combustion phasing is controlled by the injection timing, which is similar to classical diesel combustion. The maximum pressure rise rate (MPRR) is controlled by increasing stratification and using high level of EGR. There are many ways to increase fuel ignition delay, including: early fuel injection, decrease the compression ratio, use large amount of EGR, and use the low cetane number fuels (Lu et al., 2011) . While PPCI is efficient in reducing NOx and soot emissions, CO and HC emissions are typically higher than diesel diffusion combustion. Toyota successfully implemented PPCI in production diesel engines. However, PPCI was applied up to 50% of the maximum engine load (Hasegawa and Yanagihara, 2003) . In order to further increase ignition delay, Kalghatgi proposed using gasoline in compression ignition engines in 2006 (Kalghatgi et al., 2006) . The results were remarkable because up to 15.95 bar indicated mean effective pressure (IMEP) was achieved. At 25% EGR, the engine achieved very high efficiency of 179 g/kWh with very low NOx emissions of 0.58 g/kWh and0.33% AVL smoke opacity (Kalghatgi et al., 2007) . Following the path, Manente et al. (2009) studied PPCI using high octane number fuels. In Manente et al. (2009) , it was found that the classical diesel PPCI technique if applied to gasoline may result in high acoustic noise and low efficiency because of the tremendous increase in heat transfer. In recent years, ), Weall and Collings (2009 ), Sellnau et al. (2001 , and Dec et al. (2011) also investigated gasoline PPCI by using gasoline-like fuels in common-rail compression ignition engines. The basis of the gasoline PPCI concept is the formation of a partially stratified charge before SOC. The stratified fuel-air mixture governs the heat release process and the MPRR. The spatial gradient in ignition and combustion characteristics introduced by PPCI overcomes the intense and simultaneous heat release characteristic of the gasoline HCCI. Therefore, gasoline PPCI enables the control of heat release and extends the operating range to higher load. However, without high level of exhaust gas recirculation (EGR) and intake boosting, the combustion noise and NOx emissions of gasoline PPCI mode are still very high. The high EGR rate and high intake pressure required for gasoline PPCI are achievable under steady state conditions; however, the duty-cycle of realistic vehicle applications includes many speed and load transients may be limited by response lag of the EGR rate and intake pressure. As a result, the full potential of the gasoline PPCI mode has not been realised in commercial vehicles or passenger cars. To enable the practical application of gasoline PPCI combustion, further work is required. One of the solutions to suppress combustion noise for gasoline HCCI is the induced ignition with late diesel injection (Jiang et al., 2005; Ma et al., 2013; Yu et al., 2014) , but it also brings some new challenges, such as high-EGR, high-boost, and two fuel-supply systems.
To overcome the PPCI combustion noise at high load and simultaneously achieve low emissions and high efficiency, a combustion concept named 'MPCI' had been proposed (Yang et al., 2012) . Different from the 'spray-spray-combustion' sequence in the gasoline PPCI mode, the fuel injection and combustion events are organised as 'spray-combustion-spray-combustion' in the MPCI mode. In addition, the spray and combustion processes obey the rule of 'combust after injection end, inject after combustion end' to ensure the premixed combustion after each spray event. The gasoline MPCI mode decouples the pressure rise process from the pollutant formation process, and the heat release can be effectively controlled by the multiple-stage premixed combustion. From the experiments (Yang et al., 2013a (Yang et al., , 2013d , it was found that the low octane gasoline MPCI combustion can achieve very low NOx and soot emissions, as well as lower indicated specific fuel consumption (ISFC), even without intake boosting or EGR. Compared to PPCI mode, the gasoline MPCI mode has great advantages in realising lower MPRR and combustion noise. The MPCI mode was also tested on high octane gasoline , which simultaneously produced low NOx emissions (< 0.4 g/kWh), relatively low soot emissions (< 0.5 FSN), and low MPRR (<1 MPa/deg) from 0.6 to 1.4 MPa IMEP. And compared with conventional diesel combustion, the high octane gasoline MPCI exhibits higher gross indicated efficiency due to low heat transfer loss. This paper will review the above advanced gasoline combustion concepts and mainly focuses on DISI, HCCI, SCCI, and MPCI researches conducted at Tsinghua University in the past decade. 
Research progress on DISI
High boost and direct injection have the advantages of improving power density and fuel economy and have become main technologies adopted by gasoline engine for energy saving in recent years. However, engine knock and pre-ignition occur in highly boosted gasoline engines, especially for direct injection engines at low-speed high-load operating regime. Pre-ignition induced super-knock can suddenly damage the engine due to the extremely high peak pressure and pressure oscillation. Nowadays, engine knock is the major obstacle for further improving power density in turbocharged spark ignition engines. Knocking in internal combustion engines involves complicated physical and chemical processes, including flame propagation, end-gas auto-ignition, pressure wave oscillation, and their interactions. Computational fluid dynamics (CFD) coupled with chemical kinetics is a useful tool to understand the knocking phenomenon in detail.
Modelling methodology
In SI engine combustion, the deflagrative flame can be viewed as an ensemble of thin reaction-diffusion layers, called flamelets (Peters, 1984) . The advantage of the flamelet concept is that the calculation of the chemical reaction and turbulent flow can be decoupled. Source: Wang et al. (2013) Figure 2 shows schematic diagrams of the models for spark ignition engine combustion in this study. To track the deflagrative flame front evolution, a field equation of the scalar G is used (Peters, 2000) , where the flame front is represented by level-set surface G = 0. This interface divides the flow field into an unburned region, G < 0, and a burned gas region, G > 0. Tan and Reitz (2006) successful introduced the G-equation combustion model into the KIVA-3v code (Amsden, 1993) . In the current model, the mixture within the mean flame brush is calculated assuming thermodynamic equilibrium using an element-potential method (EPM) (Liang and Reitz, 2006) . Outside the flame brush, including in the burned zone behind the flame and the unburned zone ahead of the flame, the computational cells are regarded as well-stirred-reactors in which the chemical source term in the governing conservation equations is calculated using the CHEMKIN-II library (Liang and Reitz, 2006) . The University of Wisconsin engine research centre (ERC) primary reference fuel (PRF) mechanism (Ra and Reitz, 2008) with 47 species and 142 reactions, which include slow carbon number species, hydrogen oxidation, and NOx formation, was used in the chemical calculations. Therefore, the auto-ignition due to pre-flame reactions and pollutant formation due to post-oxidation can be calculated. Moreover, a pressure wave-determined numerical time-step criterion was taken into account to capture the pressure oscillation due to auto-ignition. Since pressure oscillation and chemical heat release near the wall enhance heat transfer during knocking combustion, an improved wall heat transfer model (Wang et al., 2013) was implemented in the current model. The simulations were performed using the KIVA-3V, release two code. The discrete multi-component (DMC) model (Ra and Reitz, 2009 ) and the RNG k-ε turbulence model (Han and Reitz, 1995) were used in this study. The growth of the ignition kernel was tracked using the discrete particle ignition kernel (DPIK) model by Fan, Tan, and Reitz (Fan and Reitz, 2000; Tan et al., 2003) .
To capture the pressure wave in a numerical simulation, it should take no less than one time-step for a sonic wave to be transmitted across a computational cell. For a stoichiometric gasoline combustion case, the specific heat ratio (γ) is set to be about 1.3 for the mixture, T is assumed to be 2,500 K for the burned mixture, and the computational cell size (l) is 3 mm. Since the speed of sound (c) is approximately 973 m/s, dt should be less than three microseconds.
A structured computational mesh of the four-valve boosted GDI engine combustion system including intake and exhaust ports was generated using ICEM-CFD 13.0. As shown in Figure 3 , the total number of computational cells for the DISI engine at BDC is 135,000. The fuel used in the simulation is iso-octane, and the engine is operated under stoichiometric conditions. The boundary and initial conditions of the engine simulation are listed in Table 1 . 
Turbulent flame propagation
Details of the flame evolution are illustrated in Figure 4 for the spark timing = 4°CA BTDC case, where the turbulent flame front ( 0 G = iso-surface) is shown by the shaded surface. As seen, the turbulent flame propagates throughout the combustion chamber reaching the cylinder wall at 30°CA ATDC. The in-cylinder temperature fields at different crank angles are also shown in Figure 4 where two orthogonal clip planes across the centre axis of the cylinder are shaded by temperature values. As expected, the G-equation combustion model can capture the turbulent flame propagation and pressure oscillations in the multidimensional simulation. C r a n k a n g l e 
21°CA ATDC 22°CA ATDC 23°CA ATDC Figure 5 gives the simulation results of pressure, temperature, fuel, intermediate species, and NOx distributions in the combustion field during knocking process where the black curve is the turbulent flame front (G = 0). It can be seen that a high concentration of OH radicals is formed in the centre of cylinder during combustion which indicates that the central burned zone has reached the post-oxidation stage where NOx is formed. To detect knocking, threshold of OH/CHO concentration was set as 1,000 ppm and 1 ppm respectively. A high concentration of CHO radicals can be seen around the OH radicals on the intake side of the engine which indicates auto-ignition of the end-gas is about to take place. The simulated results further indicate that the local in-cylinder pressure is extremely uneven during the knocking process. The pressure oscillations couple with chemical reactions simultaneously and interactively, and lead to significantly enhanced heat transfer. The knocking mechanism is end gas auto-ignition as described by Heywood (1988) . From the simulated results, the root cause of end gas auto-ignition is related to pressure wave compression and reflection near wall. This can be seen from Figure 5 in the pressure distribution from 22°CA ATDC to 23°CA ATDC
Research progress on HCCI
HCCI combustion has advantages of high thermal efficiency and low emissions and is a promising combustion mode for internal combustion engines. However, HCCI still faces the challenges of ignition timing control, combustion rate control, and operating range extension (Zhao et al., 2003) .
In HCCI combustion, since there are no compulsive triggers, such as spark in traditional gasoline engines and fuel injection in diesel engines, optimisation of combustion phase is more difficult than that in SI or diesel engines. HCCI combustion is controlled by chemical kinetics. The ignition timing and combustion rate in HCCI engine can be adjusted by intake temperature, boost pressure, compression ratio, EGR ratio, and fuel property, etc. Among all these parameters, the temperature is the most sensitive one, but air temperature control usually has slow response. Meanwhile, when the engine speed and load change, the ignition timing varies as well. To control HCCI combustion, several indirect control methods which influence HCCI combustion have been applied to gasoline HCCI investigation, including: air preheating (Yang et al., 2002) , supercharging (Hyvönen et al., 2003) , VCR (Christensen et al., 1999) , EGR (Oakley et al., 2001) , etc. In order to control ignition timing, additional devices are needed, for instance, dual-fuel with different ignition property (Olsson and Erlandsson, 2000) , mixing peroxide additive to improving ignition property (Eng et al., 2003) , and introducing laser to stimulate HCCI ignition (Kopecek and Wintner, 2004) . But these methods or devices are not well suited for practical application on a commercial engine currently. Two-stage direct injection for compression ignition was proposed (Wang et al., 2007a (Wang et al., , 2007b to solve the problems of ignition control and extending operation range as shown in Figure 6 . The peak of cylinder pressure occurs at intake TDC due to negative valve overlap (NVO). This makes it possible to utilise thermal atmosphere for fuel evaporation and reforming. When it combines with multiple direct injection strategies, three CI combustion modes, i.e., reformed charge compression ignition (RCCI), HCCI and SCCI can be achieved. Combining above injection strategies, and adjusting fuel quantity and injection timing of each pulse, the temperature, concentration, and species of the mixture in the cylinder can be controlled flexibly. For example, ignition timing can be controlled by introducing the first fuel injection (I R ) in NVO period for reforming. The second fuel injection (I H ) in intake stroke can obtain homogeneous charge due to sufficient mixing time available. As a result, the HCCI ignition timing and combustion rate can be controlled. Figure 7 shows the simulated results of cylinder pressure and temperature histories of HCCI engine using two-stage direct injection with the same total fuel quantity but different split ratio. Figure 8 shows the corresponding temperature and fuel concentration distribution during HCCI engine cycle. It can be seen that internal EGR is obtained due to early exhaust valve closing. Then the recompression of trapped exhaust leads to high temperature (> 1,100 K) near intake TDC (iTDC). The pilot injected fuel (I R ) vaporises quickly due to high ambient temperature, and the latent heat of fuel evaporation makes cylinder pressure before iTDC slightly lower than the case without I R . Under high temperature and lean conditions, the pilot injected fuel partially burned near iTDC, which release a small amount of heat. The heat release leads to a rapid temperature and pressure rise in the cylinder near iTDC. This makes cylinder pressure after iTDC higher than the pressure before iTDC. As a result, positive work can be obtained during NVO period. Comparing the three cases with different split ratio, the temperatures at IVC (T ivc ) are 481 K, 544 K, and 599 K, respectively. I R injection can improve T ivc more than 100 K. Therefore, split injection is an effective method to control auto-ignition timing.
HCCI engine cycle simulation
The pilot injected fuel is reformed and converted to active species, such as CH 2 O, H 2 O 2 , HO 2 , OH, CO, H 2 , etc. Then intake valves open, with the fresh air entered and main injected fuel added in cylinder, HO 2 , OH are consumed rapidly, but H 2 O 2 , CH 2 O and some small HCs are kept until auto-ignition near combustion TDC. The reformed charge improves ignition property, which leads to earlier ignition timing and stable combustion. The peak temperature in cylinder is 1,864 K, which makes the NO emissions very low, less than 10 ppm as shown in Figure 7 . Figure 9 shows the measured pressure and heat release rate curves using three different injection strategies (I R , I H , I R + I H ) with the same total fuel mass per cycle in the test engine. The I R injection timing was -15 o CA and the I H injection timing was 100 o CA. The split ratio was 0.2. In Figure 9 , the ignition timing was 348 o CA for I R case and 360 o CA for I H case. Injection during NVO advances ignition timing and increases combustion rate. Since fuel injected during NVO was partly oxidised and reformed, when split injection is applied, ignition timing can be adjusted in a wide range flexibly. With increasing fuel mass injected during NVO, ignition timing advances and combustion rate increases. The reason is that fuel reforming is enhanced with more fuel injected during NVO, which advances ignition. The fuel reforming has apparent effects. The amount of the active species is increased, which advances combustion phasing. Therefore, the split injection ratio can be used to control HCCI ignition timing and combustion rate.
Experimental results and discussion
The simulated results and experimental data indicate that HCCI ignition and combustion rate were controlled flexibly by fuel reforming in a HCCI engine. The injected fuel was reformed with the residual gas in the cylinder during NVO due to the high temperature resulting from exhaust gas recompression. Using the NVO-TSDI injection strategy, the fuel concentration and temperature as well as chemical species of the mixture in the cylinder can be controlled flexibly by adjusting the split injection ratio. The ignition timing and combustion rate can be controlled directly and effectively by the split injection ratio. Fuel injection during NVO can realise fuel reformation, enhance ignition, and reduce coefficient of variation (COV) of the combustion. NVO injection can be used to extend the HCCI low load limit. With the HCCI load increase, the split injection ratio should decrease to avoid knocking. The studies on the injection ratio and injection timing show that, either earlier or more pre-injection leads to earlier ignition and more rapid combustion. Therefore, both the pre-injection timing and split-injection ratio can be used to control gasoline HCCI combustion effectively. Figure 10 shows the fuel consumption map of the tested HCCI engine. The middlelow operation area can be covered by HCCI combustion mode. In most of the HCCI mode region, the indicated fuel consumption is lower than 240 g/kWh. The NOx emission MAP of this engine is shown in Figure 11 . In the wide HCCI mode region, NOx emission is lower than 40 ppm. The engine-out HC emission is similar to that of the traditional gasoline engine. The engine-out CO emission is lower than that of the traditional gasoline engine. HC and CO are lower than conventional HCCI due to NVO-TSDI injection strategy (Wang et al., 2007a) . The high fuel consumption of traditional gasoline is mainly in middle-low load region. But this region can be covered with gasoline HCCI combustion. The pumping losses of HCCI combustion are very low as no throttle is needed. The homogeneous lean mixture has high specific heat ratio (γ), which leads to higher in-cylinder mean temperature and high thermal efficiency reaching the level of diesel engine. Lean burn causes lower local temperature, resulting in low NOx emissions. Therefore gasoline HCCI combustion solves the problem of high fuel consumption in middle-low load region and reduces the NOx emission at the same time.
Although HCCI has advantages in high thermal efficiency and low emissions, the challenges of rapid heat release rate and narrow operation range are still need to solve. Literature (Wang et al., 2006) proposed the gasoline SCCI concept using secondary direct injection in the middle of compression stroke for compression ignition and to solve the problem of ignition control. Gasoline SCCI and diesel DICI is totally different concept. Gasoline SCCI is premixed combustion, while Diesel DICI is diffusion combustion. Because diesel has low volatility and short ignition delay which makes it difficult for the premixed charge preparation using direct injection even with multiple injection. Gasoline has high volatility and long ignition delay (low ignitability). Gasoline direct injection compression ignition (GDICI) is preferred for premixed combustion. The gasoline SCCI can be regarded as 'two-zone HCCI' (Wang et al., 2006) . The SCCI formed by first injection at early intake stroke and second injection at middle compression stroke can realise 'two-zone HCCI', the ultra-lean HCCI combustion in the surrounding area combined with the ultra-rich HCCI combustion in the centre. Since the combustion during injection was avoided, no droplet evaporation and diffusion burn occur during combustion. Two-zone HCCI leads to low NOx and soot emissions than diffusion combustion. The slower heat release was achieved due to the sequential heat release by HCCI combustion in different zones which have different temperatures and compositions. Two-zone HCCI has the advantage of avoiding engine knock. Compare to HCCI, the operation range of SCCI can be extended to higher load. As shown in Figure 12 , SCCI combustion combines the advantages of the high thermal efficiency of HCCI and ignition timing control of stratified charge spark ignition (SCSI). To reveal the ignition and combustion characteristics of SCCI in direct injection compression ignition engine with high-octane fuel, the detailed intake, spray, combustion, and pollution formation processes of compression ignition engine with high-octane fuel were studied by coupling multi-dimensional CFD with detailed chemical kinetics. Four cases were presented here, which have different EGR with (cases 2 and 4) and without (cases 1 and 3) second fuel injection. Specifications of the four cases can be found in Table 2 . In the four cases, external hot EGR was used. Figure 14 shows the crank angle sequence of the temperature distribution in the cylinder between case 1 and case 2. In case 1, ignition occurs at 711°CA and the mean in-cylinder temperature increases rapidly to the maximum (1,704 K) at 723°CA. The temperatures in the whole combustion chamber are almost uniform. This is because a great amount of spots in the combustion chamber igniting simultaneously, leading to rapid heat release. The HCCI combustion has the characteristic of low maximum temperature (T max = 1,768 K, 720°CA), which contributes to low NOx emission (less than 1 ppm in case 1). In case 2, ignition occurs at 715°CA; and the mean in-cylinder temperature also increases rapidly to the maximum (1,978 K, 723°CA). But the temperature in the cylinder is not homogeneous. This effect can be attributed to the stratification due to the second fuel injection during the compression stroke. From Figure 14 , it can be seen that the ignition occurs at the periphery first, then the center, and finally the remaining regions. Many spots in the fuel-rich are ignited simultaneously, which leads to the high temperature (2,518 K) at the center. As a result, NO is formed rapidly to the peak valve (76 ppm) and the measured NOx emission from exhaust for this case is 112 ppm as shown in Figure 15 . Since the combustion during injection was avoided, no droplet evaporation and burning occur in combustion duration. As a result, SCCI with EGR leads to relative lower NOx and soot emission than that of conventional combustion in gasoline engine or diesel engine. Compared to SI combustion at the same load, NOx emissions of SCCI are less than 10%. The results infer that SCCI can be applied to higher engine load with slightly higher NOx emissions. The simulated results and experimental data indicate that multiple ignition spots first occur at the periphery of rich mixture formed by spray before TDC. Since the mixture concentration and temperature is inhomogeneous in the combustion chamber due to SCCI, the local mixture meet the ignition criteria tends to exist. Once the local mixture ignites, it induces the surrounding mixture to ignite by heat transfer and compression. Compare to HCCI, SCCI combustion is more stable, less heat transfer, less HC and CO due to the reduction of quenching effect, therefore, achieving high thermal efficiency and low emissions. Figure 16 reveals the ignition mechanism of SCCI. In the high temperature low oxygen atmosphere, the mixture near the periphery of spray was reformed first. The concentration of radical species, CH 2 O and OH, suddenly increase at 355°CA and then the temperature increase which indicates the start of ignition. Since CH 2 O concentration is much higher (1%) than OH (4 ppm) at the ignition timing, the suddenly increase of OH concentration from near zero (less than 10 -9 ) to ppm (10 -6 ) level indicates the ignition position. From the temperature distribution field, it can be seen that the mixture temperature is 1,264 K at the ignition position, where is the high OH concentration zone. OH radical explosion is the direct factor for hydrocarbon mixture compression ignition. Therefore SCCI combustion dominantly controlled by temperature in homogeneity, fuel stratification and local radical concentration. These can be practically realised by adopting appropriate gasoline direct injection strategies.
Research progress on MPCI
Even though SCCI or PPCI greatly improves the high load limit from HCCI, the pressure rise rate is still high and NOx emission reduction is highly relied on using a large amount of EGR. The high EGR rate required for PPCI is achievable under steady state conditions; however, the duty-cycle of realistic vehicle applications including many speed and load transients may be limited by response lag of the EGR rate and intake pressure. In order to overcome these issues, Yang et al. (2012) proposed MPCI mode. With one or two injections in the compression stroke and another injection after the first-stage combustion process, a sequence of 'spray-combustion-spray-combustion' is achieved instead of the single-stage heat release in PPCI mode (Figure 17 ). The goal is to fully separate each spray and the following combustion process. It should be noted that, the two stage combustion was already used in diesel engines with diesel fuel by Reitz and co-workers (Sun and Reitz, 2006) . However, quite short mixing time for the fuel from the second stage injection due to the high reactivity of diesel led to the diffusion combustion and high soot emissions. When fuelled with gasoline, the second stage combustion is a premixed or quasi-premixed combustion as a result of longer ignition delay of gasoline. Previous experiments demonstrated that the pressure rise rate is significantly reduced in the MPCI mode and NOx emission is also decreased as a result of low combustion temperature (Kim et al., 2014) . So the MPCI mode alleviates the dependency on EGR in gasoline compression ignition. Besides, the low soot emissions as well as low fuel consumption was also achieved. Source: Yang et al. (2013b) The main difference between MPCI and advanced diesel combustion with pilot/post-injection is premixed-type combustion or diffusion-type combustion due to the fuel volatility and ignition delay. Gasoline MPCI has potential to further decrease soot emissions. It was demonstrated by the experiments that soot emissions in MPCI were less than 0.5FSN at the loads ranging from 0.4 to 1.4 MPa IMEP Kim et al., 2014) . However, with the increase of the engine speed, soot emissions get high because the mixing duration is not enough for the fuel from the second injection (Yang et al., 2013c; Wang et al., 2015) . In order to compare the mixture formation and combustion characteristics between the MPCI and PPCI modes, two typical operating conditions (Table 3) are resolved by KIVA-CHEMKIN (Yang et al., 2013b) . According to the study in Yang et al. (2015) , it was found that RON66 MPCI mode produced lower emissions of NO, soot and CO except for THC, and it also leads to higher indicated thermal efficiency than that of conventional diesel combustion mode, with an acceptable MPRR level at the same time. The blending ratio of test fuel (G70H30) is 70% gasoline and 30% n-heptane by volume in this study, which is simulated by 33.9%vol n-heptane and 66.1%vol iso-octane for the chemical reactions. Second injection timing (°CA ATDC) 5 -13
Figure 18
The simulated and experimental in-cylinder pressure and heat release rate, (a) MPCI mode (b) PPCI mode (see online version for colours) ( a ) ( b )
Source: Yang et al. (2013b) Comparisons between the computational results and experimental data, including in-cylinder pressure and heat release rate, are given in Figure 18 . As can be seen that peak pressures and their appearing phases as well as ignition delay time of G70H30, are all accurately reproduced in the simulations. The MPCI mode exhibits typical two-stage combustion, while the PPCI mode is single-stage combustion with higher peak heat release rate. Figure 19 (a) shows oxygen mass fraction in the longitudinal section at several different crank angles. The consumption of oxygen reflects the combustion progress, and hence it is clear that the MPCI mode experiences two-stage temporally and spatially distributed combustion processes. In contrast, the PPCI mode shows a single-stage combustion event where oxygen consumption is relatively uniform. Moreover, Figure 19 (a) shows that when the second injection of MPCI occurs, a lot of oxygen still exists in the centre of piston bowl. This fact makes the second premixed compression ignition in the centre of the chamber feasible, and the rest oxygen is consumed by the fuel of the second injection. Combustion temperature at different crank angles is shown in Figure 19(b) . From the sections of temperature distribution, it is much easier to understand that the first combustion of MPCI is low temperature combustion (LTC) triggered by local fuel rich and high temperature combustion zone. In addition, except the fuel rich area, combustion temperature of the first-stage compression ignition is at about 1,650 K, which is lower than the critical temperature for thermal NO formation. The second high temperature combustion of MPCI occurs mainly in the central area of the combustion chamber, and its peak temperature reaches about 2,400 K, which is lower than that of the PPCI mode of about 2,800 K. The split premixed combustion process in MPCI lowers the peak combustion temperature, and the high temperature area mainly exists in the centre of the combustion chamber. As a consequence, MPCI exhibits significantly lower NOx emissions than that of PPCI. This kind of temperature distribution also reduces heat transfer losses, resulting in higher indicated thermal efficiency. Source: Yang et al. (2013b) 6 Summary and prospect
In summary, great progresses of IC combustion were achieved in the past decade. To achieve high thermal efficiency, lean burn, rapid combustion, less heat transfer, and high combustion efficiency should be fulfilled simultaneously. Highly boosted DISI hold the potential of enhancing power density and fuel economy for gasoline engines. The development, however, has been challenged by engine knock at high load and high pumping loss at part load. To achieve high efficiency, gasoline engine should operate like diesel engine with high compression ratio, lean burn, and fast combustion. DICI is a practical technology to realise different advanced combustion concepts by varying injection strategies as shown in Figure 20 . 
SCCI
The different combustion concepts are plotted in Φ-T diagram as shown in Figure 21 . HCCI is an ideal combustion mode for high efficiency and low emissions due to lean and homogeneous charge CI. HCCI combustion can be controlled by two-stage direct injection with close-loop combustion feed-back. But the major problems of HCCI are narrow operation range and combustion stability. SCCI combustion is robust because of its inhomogeneous ignition and sequential auto-ignition. SCCI can extend to higher load range with low emissions and high thermal efficiency, but it still has challenges in combustion noise. MPCI is promising in reducing pressure rise rate due to the temporal and spatial two-stage combustion, namely the LTC near the walls and the high temperature combustion (HTC) in the centre of the combustion chamber. MPCI, therefore, has low peak pressure, low combustion noise, low heat transfer, and high thermal efficiency. Meanwhile, MPCI can extend gasoline compression ignition to high load with extremely low NOx and soot emissions.
Based on the review above, the authors believe that there are several key areas requiring further investigation for gasoline engine combustion.
